During the development of the proventriculus (glandular stomach) of the chicken embryo, the endodermal epithelium invades into the surrounding mesenchyme and forms glands. The glandular epithelial cells produce pepsinogen, while the non-glandular (luminal) epithelial cells secrete mucus. Sonic hedgehog is expressed uniformly in the proventricular epithelium before gland formation, but its expression ceases in gland cells. Here we present evidence that down-regulation of Sonic hedgehog is necessary for gland formation in the epithelium using a specific inhibitor of Sonic hedgehog signaling and virus mediated overexpression of Sonic hedgehog. We also show that gland formation is not induced by down-regulation of Sonic hedgehog alone; a mesenchymal influence is also required. q
Introduction
The gut of the vertebrate embryo develops from endodermal epithelium and surrounding mesenchyme. It arises as a simple tube, but subsequently becomes divided into various regions along the anterior -posterior axis including the esophagus, stomach, small intestine and large intestine, each with a specific morphology and function.
There are two stomachs in the chicken: The proventriculus (PV, glandular stomach) is situated rostral to the gizzard (GZ, muscular stomach). The PV epithelium forms compound glands from day 6 of incubation and later produces pepsinogen, while the GZ epithelium does not form glands (Romanoff, 1960; Yasugi, 1993) . It has now been well established that the mesenchyme is important for epithelial differentiation of these two organs (Yasugi, 1984; Yasugi and Fukuda, 2000) . Both the PV and GZ epithelia possess almost the same ability to form glands and to express embryonic chicken pepsinogen (ECPg); the PV mesenchyme activates gland formation in the epithelium, while GZ mesenchyme inhibits it.
Recently Narita et al. (2000) found that one important factor produced by PV mesenchyme is bone morphogenetic protein 2 (BMP2), which is required for gland formation.
The levels of expression of several genes change drastically in the PV epithelium during gland formation. For example, ECPg is expressed only in the glandular epithelium from day 9 of incubation, while chicken spasmolytic polypeptide (cSP) is expressed in luminal epithelium (Tabata and Yasugi, 1998) . cGATA5 is expressed ubiquitously in undifferentiated epithelium but its expression increases in the glandular epithelium of the PV . Although cSox2 and cSox21 are expressed uniformly in the PV epithelium before gland formation, their expression becomes weaker in the glandular epithelium Sakamoto et al., 2000) . The molecular mechanisms controlling these dynamic changes in expression patterns are still unknown.
Sonic hedgehog (Shh) is a secreted factor involved in the patterning of many different organs in vertebrate development (reviewed in Hammerschmidt et al. (1997) ), including the neural tube (Tsuchida et al., 1994; Ericson et al., 1995 Ericson et al., , 1997a Roelink et al., 1994 Roelink et al., , 1995 Tanabe and Jessell, 1996) and the limb (Riddle et al., 1993; Laufer et al., 1994 ).
In the chicken gut, Shh begins to be expressed in the early endodermal germ layer before gut tube formation and is later expressed uniformly throughout the gut epithelium (Roberts et al., 1995 (Roberts et al., , 1998 Narita et al., 1998) , except in some associated glands and ducts, such as the trachea, pancreas, liver and PV glands (Kim et al., 1997; Narita et al., 1998) .
Recently, it was reported that down-regulation of Shh activity by adjacent notochord is required for the differentiation of dorsal pancreas Hebrok et al., 1998) . This report opens the question of whether down-regulation of Shh is also involved in PV gland formation. Here we investigated the relationship between down-regulation of Shh and gland differentiation in the PV epithelium and report that down-regulation of Shh is required, but not sufficient, for gland formation. On the other hand, Ihh, another member of hedgehog family, which is expressed throughout the gut epithelium, is not involved in PV gland formation. Narita et al. (1998) reported that Shh expression is downregulated in gland cells at a very early stage of gland formation. We therefore investigated whether down-regulation of Shh might control the differentiation of the gland epithelium using a retroviral vector to overexpress it and thereby prevent the down-regulation of Shh in the PV epithelium.
Results

Effect of overexpression of Shh on epithelial differentiation
For specific and effective transfection of virus to the epithelium, tissues from embryos of two white Leghorn strains were used reviewed in Fukuda et al. (2000) ). PV epithelium obtained from 6-day embryos of the C/O strain, which is fully susceptible to retrovirus, was infected with pDS-Shh retrovirus, and combined with PV mesenchyme from embryos of the C/AB strain, which is resistant to infection by this retrovirus.
After 4 days' culture we examined the expression of Shh, ECPg, cSP, cGATA5 and cSox2 in the epithelium in serial sections (Fig. 1) . In control explants there were many glands and expression of ECPg was detected in glandular epithelium (n ¼ 26; Fig. 1B ). Shh and cSP were expressed in non-glandular (luminal) epithelium as in normal development (Fig. 1A, C) . cGATA5 expression was restricted to the glandular epithelium (Fig. 1E) . In Shh-overexpressing explants ðn ¼ 30Þ; retroviral expression of Shh (Fig. 1F , arrowheads) was so much stronger than endogenous Shh expression (Fig. 1F, arrows) that the two could be easily distinguished. In region of the epithelium where virusderived Shh was expressed (Fig. 1F arrowheads) , there were no glands or ECPg expression (Fig. 1G ), but cSP expression increased in the epithelium (Fig. lH) . Expression of cSox2, a putative negative regulator of ECPg , was detected in the whole of the epithelium (Fig. 1I) , and only weak expression of cGATA5, a putative positive regulator of ECPg , was observed in the epithelium (Fig. 1J) . These results suggest that high levels of Shh inhibit gland formation and ECPg and cGATA5 expression and activate the expression of cSP in the PV epithelium.
Effect of inhibition of Shh activity on epithelial differentiation
Next, we examined whether inhibition of Shh activity using cyclopamine can affect the gland differentiation. This steroidal alkaloid (Keeler, 1969) has been shown to block Shh-mediated patterning of the neural tube (Porter et al., 1996; Incardona et al., 1998) , endoderm and mesenchyme of the gut (Sukegawa et al., 2000) . In our organ culture system, chicken embryo extract in culture medium is required for full formation of the glands in the PV explant (Takiguchi et al., 1988) . In this experiment the PV explants were cultured in medium Fig. 1 . Effect of Shh-overexpression in epithelium on epithelial differentiation. 6-day PV was cultured for 6 days after infection by control virus (A -E) and Shh virus (F-J). The expression patterns of Shh (A and F), ECPg (B and C), cSP (C and H), cSox2 (D and I) and cGATA5 (GATA5; E and J) were analyzed by in situ hybridization in serial sections of the explants.
without embryo extract for two reasons, described below. First, cyclopamine is much more effective in organ culture in the absense of serum or embryo extract (Sukegawa et al., 2000) . Second, from previous results we expected that down-regulation of Shh activity may stimulate gland formation in the PV epithelium and to make the effect of cyclopamine clear, gland formation in the control explants should not be complete. In control PV explants without cyclopamine or embryo extract ðn ¼ 22Þ; only a few, small glands were present and Shh, cSP and cSox2 were expressed almost uniformly in the epithelium ( Fig. 2A, C, D) . Few cells expressed ECPg (Fig. 2B ) and cGATA5 was detected at low level (Fig. 2E ). On the other hand, in the presence of 5 mM cyclopamine ðn ¼ 26Þ; many ECPg-positive glands develop ( Fig. 2G ) despite the absence of chicken embryo extract from the culture medium. The expression level of cGATA5 increased throughout the epithelium (Fig. 2J ), while Shh, cSP and cSox2 were detected at low levels in the ECPg-expressing epithelium. These results strongly suggest that the down-regulation of Shh activates gland formation and ECPg expression in the PV epithelium.
GZ epithelium has the ability to form glands and expresses ECPg when combined with PV mesenchyme, while it never forms glands under the influence of GZ mesenchyme (Takiguchi et al., 1988) . It is therefore interesting to examine whether down-regulation of Shh may be sufficient to trigger gland differentiation in the epithelium even under the influence of the GZ mesenchyme. To test this, GZ was cultured with 5 mM cyclopamine. No significant difference in gene expression patterns were observed in GZ explants cultured with or without cyclopamine (n ¼ 10; Fig. 2K -T) and there were no glands or ECPg positive cells (n ¼ 10; Fig. 2L , Q). This shows that the inhibitory effect of GZ mesenchyme on gland formation is not through inhibition of down-regulation of Shh activity. It was noted that cyclopamine-treated explants were smaller than control ones, suggesting that Shh may also be involved in the growth of mesenchyme, as previously described Sukegawa et al., 2000) .
Effect of Shh on the differentiation of the epithelium cultured without mesenchynie
Our findings that down-regulation of Shh is required for gland formation in PV epithelium pose the additional question of whether down-regulation of Shh in the epithelium can induce gland differentiation in epithelium cultured without mesenchyme. To answer this, PV epithelium was cultured in the presence of cyclopamine and its differentiation was analyzed. Isolated PV epithelium was embedded in a clot of growth factor-reduced Matrigel and cultured on a porous membrane (Koike and Yasugi, 1999) , and cyclopamine was added to both medium and Matrigel. There was no expression of ECPg either in controls ðn ¼ 6Þ or in 5 mM cyclopamine-treated explants (n ¼ 8; Fig. 3B , E), while Shh and cSP were expressed uniformly in the epithelium (Fig. 3A, C, D, F) . This result indicates that down-regulation of Shh in the epithelium is not sufficient to induce gland formation, and suggests that additional factor(s) from the mesenchyme are also required. Fig. 2 . Effect of disruption of Shh activity by cyclopamine on the PV and GZ epithelial differentiation. The expression patterns of Shh (A, F, K and P), ECPg (B, C, L and Q), cSP (C, H, M and R), cSox2 (D, I, N and S) and cGATA5 (GATA5; E, J, O and T) in serial sections of 6-day PV (A-J) and GZ (K-T) cultured for 6 days with 0 mM (A -E and K -O) and 5 mM (F-J and P-T) cyclopamine were analyzed by in situ hybridization.
Effect of overexpression of Shh on the mesenchymal differentiation
Narita et al. (2000) found that BMP2 expressed in the PV mesenchyme transiently at the beginning of gland formation acts as an inductive factor on gland formation. In addition, Shh from the endodermal epithelium affects gene expression patterns and differentiation of the adjacent mesenchyme (Apelqvist et al., 1997; Roberts et al., 1995 Sukegawa et al., 2000 . Patched and BMP4 are expressed in the mesenchyme adjacent to the epithelium throughout the gut (Bitgood and McMahon, 1995; Roberts et al., 1995 Roberts et al., , 1998 Sukegawa et al., 2000) , and in the GZ and small intestine, epithelial Shh induces the expression of these genes in the mesenchyme near the epithelium (Sukegawa et al., 2000) . We therefore investigated the expression pattern of patched, BMP4 and Gli which are activated by Shh in the gut (Roberts et al., 1995 (Roberts et al., , 1998 Sukegawa et al., 2000) in the mesenchyme of the Shh-overexpressing explants. We also examined the expression of other BMPs, BMP2 and BMP7 in the PV mesenchyme. The expression of patched and Gli was stronger in the mesenchyme near the epithelium expressing virus-derived Shh than that near the epithelium in which virus did not infect (n ¼ 12; Fig. 4G, H) . While there was no significant difference in the expression of BMP4 in the mesenchyme (Fig. 4D, J) , the mesenchyme just beneath the epithelium overexpressing Shh showed an increased expression of BMP7 (n ¼ 15; Fig. 4E, K) . In addition, BMP2 was not detected either in control or in shh-overexpressing explants cultured for 4 days (data not shown).
Effect of inhibition of Shh activity on the mesenchymal differentiation
Next, we examined the expression of these genes mentioned above in the mesenchyme of explants cultured without chicken embryo extract and with or without cyclopamine.
In PV explants cultured without chicken extract ðn ¼ 10Þ; patched, Gli and BMP4 were expressed strongly in the mesenchyme (Fig. 5A -C) . On the other hand, expression of BMP4 in the mesenchyme was maintained in cyclopaminetreated PV (n ¼ 15; Fig. 5G ), although expression of patched and Gli, which are direct targets of Shh signaling Lee et al., 1997) , was not detected in these explants (Fig. 5E, F) . BMP7, expressed in the mesenchyme just under the luminal epithelium in control explants (Fig. 5D) , was not expressed in cyclopamine-treated explants (Fig. 5H) . BMP2 was not detected in either control or cyclopamine-treated explants (data not shown). Fig. 3 . Effect of disruption of Shh activity by cyclopamine on differentiation of the PV epithelium cultured without mesenchyme. The expression patterns of Shh (A and D), ECPg (B and E) and cSP (C and F) were analyzed by in situ hybridization in serial sections of 6-day epithelium cultured for 6 days in clotted Matrigel with 0 mM (A -C) and 5 mM (D-F) cyclopamine. Fig. 4 . Effect of Shh-overexpression in epithelium on the PV mesenchymal differentiation. 6-day PV was cultured for 6 days after infection by control virus (A -E) and Shh-expressing virus (F-K). The expression patterns of Shh (A and F), patched (B and C), Gli (C and H), BMP4 (D and J), and BMP7 (E and K) were analyzed by in situ hybridization in serial sections of the explants.
These results suggest that the down-regulation of Shh in the epithelium affects on gland formation via the adjacent mesenchyme.
Effect of overexpression of Ihh on epithelial differentiation
Indian hedgehog (Ihh), another member of the hedgehog family is co-expressed with Shh throughout the gut epithelium except that Ihh is expressed in both luminal epithelium and gland epithelium in PV (Matsumoto et al., 1998 ; Fig. 6A ). To know whether Ihh in epithelium is involved in the gland formation, the effect of its overexpression in PV epithelium was examined using a retrovirus. Strong expression of viral Ihh was detected in the epithelium of infected explants (n ¼ 12; Fig. 6F arrowhead), but neither gland formation nor ECPg expression in the epithelium were affected (Fig. 6G ). In addition, there was no change in the expression of cSP, cSox2 or cGATA5 in the epithelium. These data suggest that Ihh is not involved in gland formation in the PV, and that Shh and Ihh play different functions in epitelial differentiation of the gut.
Discussion
Shh and epithelial differentiation in the PV
The epithelium of the PV, the glandular stomach of the chicken, differentiates into two kinds of epithelium. One is the glandular epithelium, which expresses the zymogen of pepsin and the other is the luminal epithelium, which produces mucus. In this study we show that Shh-signaling is involved in the differentiation of the PV epithelium. Shh is expressed throughout the gut epithelium but its transcripts are absent from some accessory organs projecting from the main tube (Kim et al., 1997; Narita et al., 1998) . In the PV, down-regulation of Shh in the epithelium begins at the time of gland formation . Together with our present results that overexpression of Shh inhibits gland Fig. 5 . Effect of disruption of Shh activity by cyclopamine on PV mesenchymal differentiation. Expression patterns of patched (A and E), Gli (B and F), BMP4 (C and C) and BMP7 (D and H) in serial sections of 6-day PV cultured for 6 days with 0 mM (A -D) and 5 mM (E-H) cyclopamine were analyzed by in situ hybridization in the serial sections of the explants. Fig. 6 . Effect of Ihh-overexpression in epithelium on the PV mesenchymal differentiation. 6-day PV was cultured for 6 days after infection by control virus (A -E) and Ihh virus (F-J). The expression patterns of Ihh (A and F), ECPg (B and C), cSP (C and H), cSox2 (D and I) and cGATA5 (GATA5; E and J) were analyzed by in situ hybridization in serial sections of the explants. formation ( Fig. 1) and that inhibition of Shh signaling stimulates it (Fig. 2) , we propose that down-regulation of Shh is necessary for gland differentiation in the PV epithelium. Virus-derived Shh induces strong expression of cSP, a marker of the luminal epithelium (Fig. 1H) , suggesting that Shh may also enhance the differentiation of luminal epithelium.
The mechanism of transcriptional control of ECPg has been studied and cSox2 and cGATA5 were claimed as a putative inhibitor and an activator of ECPg transcription, respectively . Shh also regulates the expression of cSox2 and cGATA5 and, it is therefore possible that the effect of Shh on ECPg and cSP transcription is mediated by these transcription factors.
We show that the mesenchyme is required for gland formation induced by down-regulation of Shh in the epithelium (Fig. 3) . It is suggested that Shh first affects the surrounding mesenchyme and that this in turn induces gland formation in the epithelium. The finding that the expression of patched and Gli, which are thought to be induced by epithelial Shh, is restricted to the mesenchyme (Bitgood and McMahon, 1995; Roberts et al., 1998; Figs. 4, 5) supports this model. Recently, Narita et al. (2000) reported that BMP2 in the mesenchyme is indispensable for gland formation. In our study, however, no induction of BMP2 was observed in explants cultured with cyclopamine. In addition, BMP4 expression is not altered by either overexpression or inhibition of Shh. Therefore, the factor(s) regulated by Shh and involved in gland formation in the PV epithelium may be factors other than BMP2 and 4. BMP7 is expressed in the mesenchyme just below the epithelium in the 6 day-old embryo and at the onset of the gland formation its expression ceases around the invaginating epithelium . BMP7 expression was stronger in the explants which had fewer glands by Shh overexpression than in the control explants and became weak in the cyclopamine-treated explants. Taken together, the down-regulation of Shh in the epithelium may be required for the gland formation in PV via down-regulation of BMP7 in the mesenchyme.
Different mode of the action of Shh in PV and GZ
We found that the PV and the GZ respond differently to Shh. First, inhibition of Shh activity affected epithelial gene expression in the PV but not in the GZ (Fig. 2) . Although the GZ epithelium can form glands when combined with PV mesenchyme (Takiguchi et al., 1998) , gland formation is inhibited by a strong effect from the GZ mesenchyme (Takiguchi et al., 1998; Urase and Yasugi, 1993) . It is possible that the GZ mesenchyme produces potent factors that induce cSP and cSox2 and inhibit cGATA5 and ECPg, independent of Shh activity.
Second, Shh is involved in the maintenance of BMP4 expression in the GZ mesenchyme, but not in the PV mesenchyme. Roberts et al. (1998) , Smith and Tabin (1999) and Smith et al. (2000) reported that BMP4 is expressed throughout the chicken gut mesenchyme except in the GZ region, and that epithelial Shh induces BMP4 expression in midgut and hindgut (small and large intestinal) mesenchyme but not in the stomach mesenchyme of 4-day embryos. Sukegawa et al. (1980) showed that BMP4 is expressed throughout the gut mesenchyme including the stomach and that epithelial Shh induced BMP4 expression not only in small intestinal but also in GZ mesenchyme of 6-day embryos. Taken together, these results suggest that Shh-signaling has different roles in each organ and in each period of differentiation and that Shh functions as a key regulator of regionalization, patterning and cell differentiation in the gut.
The mechanism of down-regulation of Shh
Although we found that down-regulation of Shh is important for gland formation in the PV, the mechanism of down-regulation of Shh in the epithelium is still unclear. Narita et al. (1998) showed that expression of Shh in the epithelium during the normal development is regulated by the mesenchyme. PV epithelium cultured with GZ mesenchyme expresses Shh uniformly, but Shh is downregulated when the epithelium is cultured with PV mesenchyme. These results suggest that signals from adjacent mesenchyme regulate Shh down-regulation. In dorsal pancreatic endoderm, the down-regulation of Shh induced by the notochord is required for pancreatic development (Kim et al., 1997) . Two factors that repress Shh expression are activin and FGF2 (Hebrok et al., 1998) . Since activin and FGF2 are also expressed in the PV mesenchyme (our unpublished results), it is possible that these molecules from the mesenchyme also regulate the expression of Shh in the epithelium of the stomach.
Different roles for Shh and Ihh in gut epithelial differentiation
In vertebrates, there are several hedgehog homologues, whose expression patterns have been extensively analyzed (reviewed by Hammerschmidt et al. (1997) ). Shh and Ihh are not coexpressed in organs other than gut epithelium (Bitgood and McMahon, 1995; Narita et al., 1998; Roberts et al., 1995 Roberts et al., , 1998 Matsumoto et al., 1998) . Both Shh and Ihh can generate similar phenotypes in zebrafish embryos when injected into the egg (Hammerschmidt et al., 1996) . In addition, Ihh regulates mesenchymal patterning in GZ, as does Shh (Sukegawa et al., 2000) . Thus, it has been suggested that Shh and Ihh share the same or very similar signaling pathways (reviewed by Hammerschmidt et al. (1997) ). In this study, however, we showed that Shh affects gland formation and gene expression patterns in the PV epithelium, while Ihh does not. In experiments with cyclopamine, we could not confirm that this chemical inhibits Shh signaling specifically. When PV was cultured with FGFs, Shh expression in epithelium was down-regulated but Ihh expression was not affected, and the explants had excess glands (Shin et al., unpublished data) . In addition, Shh mutant mice and Ihh mutant mice showed different phenotype in the stomach and intestine (Ramalho-Santos et al., 2000) . This is therefore the digestive organs which are the first example of a functional distinction between Shh and Ihh within a single organ. Ihh and Shh are not expressed identically in chicken PV: Ihh is expressed throughout the epithelium while Shh is absent in the PV glands Matsumoto et al., 1998) . It suggests that Ihh and Shh may be regulated by different molecules in PV epithelium.
Experimental procedures
In situ hybridization
In situ hybridization with digoxigenin-labeled probes was performed on 12 mm cryosections as described by Ishii et al. (1997) . cDNA fragments of Shh (a gift of Dr T. Nohno et al., 1995) , Ihh (a gift of Dr C.J. Tabin; Vortkamp et al., 1996) , ECPg (Hayashi et al., 1988) , cSP (Tabata et al., l998) , cGATA5 , cSox2 (a gift of Dr P.J. Scotting; Uwanogho et al., 1995) , patched (a gift of Dr C.J. Tabin; Marigo et al., l996b) , BMP4 (a gift of Dr T. Francis et al., 1994) , BMP7 (a gift of Dr T. Nohno; Kawakami et al., 1996) and Gli (a gift of Dr. C.J. Tabin, Marigo et al., 1996a) were used as probes.
Virus-mediated overexpression of Shh and Ihh and organ culture
PV was isolated from 6-day embryos. For specific viral infection of the epithelium, we used epithelium obtained from pathogen-free White Leghorn C/O strain and mesenchyme from the C/AB strain, which is resistant to viral infection (Nippon Institute for Biological Science). Epithelium and mesenchyme were separated by collagenase treatment as described in Ishii et al. (1997) , Narita et al. (1998) . The epithelia were soaked with viral supernatant for 1 h at 37 8C and then recombined with the mesenchyme. These recombinants were cultured in vitro for 4 days in medium 199 (GIBCO BRL) containing 50% embryo extract as described by Takiguchi et al. (1988) , Fukuda et al. (1998) . Full length cDNAs of chicken Shh (a gift of Dr A. Kuroiwa) and chicken Ihh (a gift of Dr C.J. Tabin; Vortkamp et al., 1996) were inserted into a replicationcompetent retroviral vector, pDS (pDS-Shh and pDS-Ihh; Murakami et al., 1997; Kameda et al., 1999) .
Cyclopamine treatment
PV and GZ were isolated from 6-day embryos. 10 mM cyclopamine (a gift of Dr Gaffield; Gaffield et al., 1996; Incardona et al., 1998) in 95% ethanol was diluted with medium 199 to final concentration of 5 mM. As a control, an equivalent amount of ethanol was added to the culture medium. Organs were cultured in vitro for 4 days in medium 199 not containing embryo extract (Sukegawa et al., 2000) .
Culture of epithelium without mesenchyme
Culture methods for isolated epithelium without mesenchyme were established and described by Koike and Yasugi (1999) . Isolated PV epithelium was placed on a piece of porous filter (Millipore filter, pore size 0.22 mm; Nihon Millipore Industry), and covered with growth factordepleted Matrigel (Collaborative Biochemical Products) with or without 5 mm cyclopamine. These explants were cultured for 4 days with medium 199 containing 50% embryo extract with or without 5 mM cyclopamine.
